The low lying excited electronic states of the 2-hydroxyethyl radical, CH 2 CH 2 OH, have been investigated theoretically in the range 5-7 eV by using coupled-cluster and equation-of-motion coupled-cluster methods. Both dissociation and isomerization pathways are identified. On the ground electronic potential energy surface, two stable conformers and six saddle points at energies below ϳ900 cm −1 are characterized. Vertical excitation energies and oscillator strengths for the lowest-lying excited valence state and the 3s, 3p x , 3p y , and 3p z Rydberg states have been calculated and it is predicted that the absorption spectrum at ϳ270-200 nm should be featureless. The stable conformers and saddle points differ primarily in their two dihedral coordinates, labeled d HOCC ͑OH torsion around CO͒, and d OCCH ͑CH 2 torsion around CC͒. Vertical ionization from the ground-state conformers and saddle points leads to an unstable structure of the open-chain CH 2 CH 2 OH + cation. The ion isomerizes promptly either to the 1-hydroxyethyl ion, CH 3 CHOH + , or to the cyclic oxirane ion, CH 2 ͑OH͒CH 2 + , and the Rydberg states are expected to display a similar behavior. The isomerization pathway depends on the d OCCH angle in the ground state. The lowest valence state is repulsive and its dissociation along the CC, CO, and CH bonds, which leads to CH 2 +CH 2 OH, CH 2 CH 2 + OH, and H + CH 2 CHOH, should be prompt. The branching ratio among these channels depends sensitively on the dihedral angles. Surface crossings among Rydberg and valence states and with the ground state are likely to affect dissociation as well. It is concluded that the proximity of several low-lying excited electronic states, which can either dissociate directly or via isomerization and predissociation pathways, would give rise to prompt dissociation leading to several simultaneous dissociation channels.
I. INTRODUCTION
Hydroxyalkyl radicals play an important role in many atmospheric and combustion reactions, but relatively little is known about their excited electronic states and photodissociation dynamics, except for the two smallest members of the group, CH 2 OH and CH 3 CHOH. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The latter, 1-hydroxyethyl, is a structural isomer of the hydroxyethyl radical, and with the radical center placed on the carbon adjacent to the oxygen, it behaves similarly to the hydroxymethyl radical, CH 2 OH. The 2-hydroxyethyl radical, CH 2 CH 2 OH, in which the unpaired electron is located on the outermost carbon, should have a different electronic structure. It is an intermediate in the OH+ C 2 H 4 reaction and has been stabilized at low temperatures. 1, 2, [13] [14] [15] [16] [17] [18] [19] There are several theoretical studies of the ground state of the neutral and the cation of CH 2 CH 2 OH, 2, [20] [21] [22] but to the best of our knowledge there are no theoretical studies of its excited electronic states. Anastasi et al. 23 published a 300 K UV absorption spectrum of CH 2 CH 2 OH. It starts at about 260 nm ͑4.77 eV͒ and rises slowly toward shorter wavelengths, and it is featureless. In molecular beam experiments the radical was produced by photolysis of haloethanols, [24] [25] [26] [27] and noticeable absorption at 266 nm ͑4.66 eV͒ was observed. 25, 26 The CH 2 CH 2 OH radical is interesting from both theoretical and experimental perspectives. Whereas the neutral species has a typical open chain configuration ͑see Fig. 1͒ , the cation has no minima in this configuration. Instead, the Franck-Condon region has a saddle point which leads to the only two minima on the cation surface: a nonclassical cyclic bridged structure, CH 2 ͑OH͒CH 2 + , which can be described as protonated oxirane, [20] [21] [22] 28 and CH 3 CHOH + , which is obtained by shifting a hydrogen atom from the central to the terminal carbon atom ͑Fig. 1͒. Due to the large geometrical changes which occur upon ionization, only an upper limit to the ionization energy ͑IE͒ has been obtained experimentally. 28 Ruscic and Berkowitz 28 derived an adiabatic IEՅ 8.35 eV from their photoion yield curve but suggested that the lower limit might be Յ8.18 eV. Based on heat of formation arguments, they proposed an adiabatic IE of 7.78 eV.
Curtiss et al. 20 characterized stationary points on the CH 2 CH 2 OH and H 5 C 2 O + ground states, using the G2 method. 29 They identified three structures on the neutral potential energy surface ͑PES͒, which they assigned as minima labeled as 3a ͑C s ͒, 3b ͑C 1 ͒ and 3c ͑C 1 ͒. 20 They also optimized the cation geometry starting from these three struca͒ tures, and showed that ͑i͒ 3a converged to CH 2 ͑OH͒CH 2 + , ͑ii͒ 3b converged without activation energy to CH 3 CHOH + , and ͑iii͒ 3c also converged to CH 3 CHOH + . In the present work, we find only two minima on the ground-state PES, 3b and 3c, which we refer to as M2 and M1 respectively, with M1 denoting the global minimum. In our calculations 3a is a saddle point with a single negative frequency of ϳ100 cm −1 . In addition to 3a ͑referred to below as SP4͒, we find five other saddle points, which lie within 900 cm −1 of M1. The conformers and saddle points differ mostly along two dihedral coordinates, labeled d HOCC ͑OH torsion around CO͒, and d OCCH ͑CH 2 torsion around CC͒, which are depicted in Fig. 2͑a͒ . These two internal rotations give rise to several first-order and second-order saddle points shown in Fig. 2͑b͒ , due partly to steric hindrance. We label them as SP1-SP6.
Although the saddle points are not sampled by the ground-state vibrational wave function, they become populated under thermal experimental conditions. Also, these regions of the ground state PES are the only routes leading to cyclization on the cation/Rydberg surfaces. Therefore, we include them in our study.
The cation surface has been studied computationally by Bock et The information we provide in this paper concerns the excited electronic states of CH 2 CH 2 OH, and it should be useful in carrying out and interpreting experiments. Specifically, we examine whether the two stable conformers M1 and M2, and the six low-lying saddle points SP1-SP6 exhibit different behaviors upon electronic excitation and ionization. To this end, we characterize their excitation energies, oscillator strengths, and possible dissociation routes. We also identify isomerization products for the unstable open-chain cation and assert that the same behavior can be expected in the Rydberg states of the neutral. In a future publication, we will discuss the vibrational spectroscopy and dynamics on the neutral and cation ground-state PESs.
The structure of this paper is as follows. Section II discusses computational details, Sec. III describes the geometrical aspects and molecular orbitals on the ground state, Sec. IV considers dissociation on the valence and n = 3 Rydberg states and their relationship with the cation, and Sec. V provides the conclusions.
II. COMPUTATIONAL DETAILS
All calculations were performed using the Q-CHEM ͑Ref. 30͒ and MOLPRO version 2002.6 ͑Ref. 31͒ electronic structure packages. Equilibrium geometries for M1, M2, and SP4 ͑3a in the work of Curtiss et al.͒ 20 were obtained using the coupled-cluster method with single and double substitutions ͑CCSD͒ ͑Ref. 32͒ with the 6-311+ G͑d,p͒ basis set, and an unrestricted Hartree-Fock reference. This basis set was derived from the polarized split-valence 6-311G͑d,p͒ basis 33, 34 by augmenting it with one set of diffuse sp functions on heavy atoms. All optimizations were performed without symmetry constraints. The typical values of ͗S 2 ͘ were around 0.76 for all ground state calculations. The optimized geometries of neutral CH 2 CH 2 OH at the CCSD/ 6-311+ G͑d,p͒ level are shown in Fig. 3 . Energy ordering of all the conformers was obtained by single-point calculations using the CCSD͑T͒ method 35, 36 with the cc-pVQZ ͑Ref. 37͒ basis set ͑Table I͒. A complete basis set ͑CBS͒ extrapolation of the energies was performed using a two point formula of Helgaker et al. 38, 39 for CCSD͑T͒ with cc-pVXZ basis sets. The conformers ordered according to extrapolated total energies, for X = 3 and 4, are also shown in Table I . This formula fits the correlation energy to an exponential form; the HartreeFock energy was taken from the higher-cardinal basis set. The average difference between the cc-pVQZ and CBS values was 16 cm −1 , and the maximum was 27 cm −1 . This close agreement indicates good convergence with respect to polarization with basis set size.
We also calculated full-dimensional PESs for the ground states of CH 2 CH 2 OH and H 5 C 2 O + . The neutral PES is a polynomial fit in Morse variables of interatomic distances, fit to approximately 12 000 CCSD͑T͒/cc-pVTZ ͑Ref. 37͒ single point energies. Similarly constructed PESs have been used in several dynamics and spectroscopy studies. [40] [41] [42] [43] [44] [45] [46] [47] [48] Details of constructing the symmetrized polynomial basis are given elsewhere. 44 The full details of the PES calculations will be presented in a forthcoming paper. For the neutral surface, the single point energies were calculated in the region of TABLE I. Energies ͑cm −1 ͒ of the conformers at the CCSD͑T͒/cc-pVQZ level relative to M1 using CCSD͑T͒/cc-pVQZ and using a two-point extrapolation formula ͑cc-pVTZ and cc-pVQZ, see text͒, values of dihedral angles ͑deg͒ ͑see supporting materials for full geometrical parameters of SP1-SP6͒, dissociation products on the valence state, and isomerization products on the cation PES. 3 CHOH or other isomerization products. A preliminary fit was done by selecting several thousand points, e.g., with random deviations from the normal modes, and rotations along d HOCC and d OCCH . The fit was further optimized by adding points to the fit from extensive molecular dynamics trajectories on the PES. All major low-energy dissociation fragments were calculated and added to the fit ͑at interfragment distance of 50 Å͒ to ensure correct qualitative asymptotic behavior. Finally, a few thousand very high energy structures ͑Ͼ10 hartree above the global minimum͒ were included. These were calculated at the B3LYP/cc-pVTZ level, and their energies were shifted according to the average difference between a CCSD͑T͒ and B3LYP data set. A similar procedure was used to fit the cation surface, except that the emphasis was on all isomerization products, and this surface was calculated at the B3LYP/cc-pVTZ level.
The neutral surface was used to compare the geometries of M1, M2, and SP4 with ab initio calculations, and to characterize all saddle points on the PES. Other than M1, M2, and SP4 ͑for comparison with Curtiss et al.͒, all conformer geometries were characterized on the fitted PES only. Stationary points were found by Hessian searches starting from geometries taken from high-energy trajectories ͑to effectively span the configuration space͒ as well as an evenly spaced displacement grid along both d HOCC and d OCCH . Other than M1 and M2, no additional minima on the CH 2 CH 2 OH PES were found.
The cation PES is fitted to B3LYP/cc-pVTZ data and covers the region of CH 2 CH 2 OH + as well as CH 3 CHOH + , CH 2 ͑OH͒CH 2 + , and the radical's dissociation products. We used this surface for classical trajectories starting from the Franck-Condon region of CH 2 CH 2 OH, in order to characterize the ionization end products. We will report details of the vibrational spectroscopy and dynamics on these PESs in a subsequent publication.
All excited electronic states were computed at the neutral optimized geometries, using the equation-of-motion coupled-cluster method for excitation energies ͑EOM-EE-CCSD͒ 49-51 with the 6-311͑2+ ,+͒G͑d,p͒ basis set, using restricted open-shell Hartree-Fock ͑ROHF͒ references. The character of the states was assigned based on the leading EOM amplitudes and the character of the respective MOs as well as the computed sizes of electron density, i.e., the ͗X 2 ͘, ͗Y 2 ͘, and ͗Z 2 ͘ values ͑see Ref. 12 regarding assigning Rydberg versus valence character͒. We found that Rydberg-valence interactions for the states discussed below are small at all the geometries considered, and the states are of either pure Rydberg or valence character. We note that using the ROHF reference is crucial for the correct assignment and that spin contamination of the UHF references results in artificial admixture of Rydberg excitations to the valence states.
The vertical excitation energies were calculated at the neutral geometries of the M1 and M2 conformers. The excited states were computed at the geometries optimized by CCSD ͑Ref. 32͒ using the 6-311+ G͑d,p͒ basis set. The excited states of SP1-SP6 were calculated at the PESoptimized structures. Geometry optimization of the lowest excited valence state was performed using EOM-EE-CCSD with the 6-311G͑d,p͒ basis set.
The IEs were computed using EOM-CCSD method for ionized states ͑EOM-IP-CCSD͒ 51, 52 and CCSD͑T͒. Vertical IEs ͑VIEs͒ were obtained using EOM-IP-CCSD/ 6-311G͑d,p͒. The adiabatic IEs were calculated using CCSD͑T͒/cc-pVTZ. In addition, the VIE for the M1 structure was computed by CCSD͑T͒/cc-pVTZ. Optimized geometries of the cation for the IE calculations were obtained using CCSD/ 6-311+ G͑d,p͒.
III. GROUND STATE CONFORMATIONS
We characterized two minima and six saddle points on the CH 2 CH 2 OH PES. All lie within 900 cm −1 of the global minimum. These saddle points arise from steric interactions upon torsion of the terminal CH 2 and OH bonds. They are labeled SP1-SP6 in order of increasing single point energy at the CCSD͑T͒/cc-pVQZ and CBS levels ͑Table I͒ at the CCSD͑T͒/cc-pVTZ fitted PES geometries.
M1 and M2 are connected by SP3 are shown also in Fig. 3 at the CCSD/ 6-311+ G͑d,p͒ and PES geometries, along with all geometrical parameters. We find that SP4 is a saddle point connecting mirror images of M2 along d OCCH ͑Fig. 4͒, and its ionization is one of the channels leading to isomerization to the cyclic CH 2 ͑OH͒CH 2 + on the cation surface ͑see Fig. 4͒ The equilibrium structures at CCSD/ 6-311+ G͑d,p͒ and on our fitted PES are in good agreement with each other for M1, M2, and SP4. For all three structures, bond lengths are within 0.004 Å; CCSD͑T͒/cc-pVTZ predicts a slightly shorter CC bond and slightly longer CO and OH bonds than CCSD/ 6-311+ G͑d,p͒. Angles are also within 0.5°between the two methods. A larger discrepancy is seen in the dihedral angles for M2, where CCSD͑T͒ predicts a more planar structure. The HOCC dihedral angle is larger by 10.2°, and the OCCH dihedral angle is smaller by 9.3°relative to CCSD/ 6-311+ G͑d,p͒. We find that the differences are due to the extremely flat PES in this region.
IV. ELECTRONIC EXCITATIONS AND IONIZATION
The molecular orbitals involved in the lowest transitions are shown in Fig. 5 for the M1 conformer. The orbitals of the other conformers and saddle points have similar character. The highest occupied molecular orbital ͑HOMO͒ is singly occupied, and is mostly an atomic p-orbital on the terminal carbon. It also has density on the two sigma-CH bonds of the central carbon, providing an antibonding interaction along the CC bond. We refer henceforth to this orbital as the SOMO. The HOMO-1 is doubly occupied. It is mostly an atomic p-orbital on oxygen, oriented perpendicular to the HOC plane. It has antibonding character along the CO and it is bonding along CC. The 3s and 3p x,y,z Rydberg orbitals ͑Fig. 5͒ differ very little for all eight conformers and saddle points. Figure 6͑a͒ shows schematically the energies of the excited states of M1 and M2, and Fig. 6͑b͒ compares the VIEs with the energies of the excited Rydberg states for all conformers and saddle points. In all cases the lowest excitation is to either of two states: the valence ͑HOMO− 1 → SOMO͒ state or the Rydberg ͑SOMO→ 3s͒ state, and the excitation energy of the lowest transitions is spread between 4.65 and 5.31 eV ͑267-233 nm͒ ͑Table II͒. In four of the structures ͑conformers or saddle points͒ the Rydberg state is the lowest excited state; in the remaining four, the valence state is the lowest. The largest oscillator strength from M1 is to the 3s state, whereas in M2 the transition strength is spread more evenly over several excited states. The transition to 3s is usually the strongest, except in SP5, where transition to the lowest valence state is also bright. The proximity of several excited states raises the possibility of surface crossings, but these have not been explored in this work. Based on the energy of these two states, we predict that excitation with ϳ5 eV photons would lead to dynamics on either the 3s or the valence state depending on the starting conformation. Previous experiments have shown that moderately strong one-photon absorption occurs at 266 nm ͑4.66 eV͒. 23, 25, 26 It is also noteworthy that the Rydberg-state energy curves shown in Fig. 6͑b͒ are almost parallel to the cation energy curve, especially for the 3s and out-of-plane 3p y states. This suggests that the dynamics on the Rydberg PESs will be similar to that on the cation PES, and that the interaction of the Rydberg electron with the ionic core is weak. Therefore, in order to predict the dynamics on the neutral Rydberg surfaces, we explored isomerization pathways for the cation ͑see Sec. IV A͒. In addition, we find that the valence state is repulsive and dissociative, as described further in Sec. IV B.
Following initial excitation to either the HOMO− 1 → SOMO or the SOMO→ 3s state the radical may ͑i͒ dissociate on the valence state or ͑ii͒ isomerize on the Rydberg state. It is also possible that during movement along either of these surfaces, crossings between the two states and/or with the ground state will occur. The isomerization and dissociation pathways are described further below.
A. Isomerization on the cation and Rydberg surfaces
As discussed above, isomerization on the Rydberg PESs should be similar to the corresponding isomerization in the cation. To identify the isomerization products we placed each conformer on the cation PES with no initial kinetic energy and run classical MD trajectories. Since vertical ionization does not access stationary points on the cation PES, fast isomerization ͑within several vibrational periods͒ was observed. All the conformers isomerized either to CH 3 CHOH + or to the cyclic CH 2 ͑OH͒CH 2 + , with the end product depending on the initial orientation of the CH 2 group in the neutral radical. Geometry optimizations of the cation, starting from conformer geometries and using B3LYP/6-311G͑2df,p͒, yielded the same end products as the MD trajectories. The gradients on the cation surface in the Franck-Condon regions are fairly steep, and adding classical kinetic energy equivalent to the zero-point energy ͑partitioned randomly along the normal modes͒ to the initial conditions for the trajectories did not change the isomerization results.
Ionization to the ground state of the cation is well described by removing an electron from the SOMO, which is primarily a p-orbital on the terminal carbon oriented perpendicular to the CH 2 plane. We find that when d OCCH ϳ 90°, only the cyclic ion structure is produced regardless of OH orientation. If the lobes of the empty p-orbital are oriented toward the oxygen, as when d OCCH ϳ 90°, then the ion cyclizes easily to form CH 2 ͑OH͒CH 2 + . However, if d OCCH is in the range 0°-40°͑Table I͒ then the p-orbital lobes are ori- Fig. 2͑a͒ and the text.
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ented parallel to the central carbon CH bonds. At the same time, the electrons on the oxygen are blocked from closing the ring by a terminal CH bond, and the radical undergoes a hydrogen shift to the linear CH 3 CHOH + cation, whose adiabatic IE from its neutral form is low ͑6.64 eV͒. 54 The optimized geometries of M1 and M2 have d OCCH = 39.7°and 30.8°, respectively, and therefore they isomerize to the linear structure, as well as SP1, SP3, and SP5. The saddle point geometries that converge to CH 2 ͑OH͒CH 2 + are SP4, SP2, and SP6, which have d OCCH = 82.9°, 87.2°, and 81.6°, respectively. The isomerization outcomes on the cation PES are summarized in Table I and are also shown in Fig. 7 , grouped by approximate d OCCH . As discussed above, we expect the Rydberg states to exhibit similar behavior to that of the cation.
Because of the large difference in equilibrium geometries between the ground and Rydberg electronic states, it is hard to predict the adiabatic onset of the absorption. When calculating the energies of the 3s state at the equilibrium geometries of the cation's isomers, the energy difference between CH 3 CHOH and CH 2 ͑OH͒CH 2 agrees with that in the cation ͓CH 3 CHOH is lower than CH 2 ͑OH͒CH 2 by 1.3 eV on the cation PES and by 1.9 eV on the Rydberg PES͔. The lowest adiabatic excitation energy corresponds to a transition to the 3s state at its optimized CH 3 CHOH geometry, with E ex ϳ 2.5 eV. In the calculation we have not optimized this geometry; instead we used the cation optimized structures. However, such adiabatic excitation may not be easily accessible from the ground state of the neutral because of the extensive nuclei rearrangement required for CH 2 CH 2 OH → CH 3 CHOH isomerization. The Rydberg states of CH 3 CHOH are known to couple efficiently with the ground state, 3 and thus fast dissociation on the ground state PES may follow isomerization on the Rydberg state to CH 3 CHOH and give rise to H photofragments by fission of the OH and CH bonds. 
B. Dissociation on the valence state
The lowest valence state is derived from the HOMO −1→ SOMO excitation. It corresponds to removing an electron from an orbital with bonding character along CC and placing it in an orbital with antibonding character along CC, thereby doubly destabilizing the CC bond. We thus expect the valence state to be repulsive, and we characterized the dissociation products by geometry optimizations starting from each conformer and saddle point.
We find that three dissociation channels on the valence state are feasible and that they correlate with specific dihedral angles d OCCH Table I and shown in Fig. 7 .
V. CONCLUSIONS
The energies of the excited electronic states and oscillator strengths for transitions to Rydberg and valence states of CH 2 CH 2 OH were calculated for two stable conformers, M1 and M2, and six low-lying saddle points, SP1-SP6. A dense manifold of low-lying electronic states was found at 5-7 eV consisting of close-lying valence and Rydberg states and leading to rich and complex dissociation and isomerization dynamics. The two lowest-lying states derive from HOMO −1→ SOMO and SOMO→ 3s excitations and their relative order depends sensitively on the dihedral angles d OCCH and d HOCC .
Excitation to the Rydberg states leads, similarly to the cation, to isomerization to either CH 3 CHOH or the cyclic CH 2 ͑OH͒CH 2 depending on conformer or saddle point geometry. The valence state is repulsive, and its dissociation should be prompt and can proceed along the CC, CO, and CH bonds leading to CH 2 +CH 2 OH, CH 2 CH 2 + OH, and H+CH 2 CHOH, respectively. Surface crossings among Rydberg and valence states and the ground state are likely to affect dissociation as well. We thus expect the absorption spectrum at 5-7 eV to be featureless. The small conformational barriers on the neutral PES ͑300-900 cm −1 ͒ lead to population of several conformers and saddle points, which give rise, in turn, to different dynamics and dissociation outcomes on the excited state PESs. 
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